Cryopreservation is considered to be a reliable biotechnological tool for the longterm conservation of vegetatively propagated plant germplasm. The technique is based on freezing plant tissues at an ultralow temperature. However, high water content in plant tissue can result in injury during the cooling and thawing processes. Water behavior in the process of cryopreservation can be assessed by the use of thermal analysis method. This chapter demonstrates how the use of heat flux-type differential scanning calorimetry (DSC) thermal analysis methods such as standard DSC, temperature-modulated DSC (TMDSC), and quasi-isothermal temperature-modulated DSC (QITMDSC) can be used to assess the amount of freezable water and verify if the tissue being used has reached glass transition as well as analyzing the thermal events during cooling and freezing to reduce crystallization and damage by frost. Here, you can find a guide on how these thermal analysis methods can be applied, through concrete examples of each method and their use in the development of a more reliable and precise cryopreservation protocol for vegetatively propagated plant species.
Introduction
Cryopreservation is emerging as one of the most promising techniques for the long-term conservation of plant germplasm; it is also considered as an alternative method to safeguard plant species preserved by conventional conservation practices such as in vitro techniques and ex situ methods, i.e., seed and field collections, including vegetatively propagated crop species.
This conservation technique is based on the freezing of tissues (e.g., organs and shoots tips) from in vitro plantlets or field collections at extremely low temperatures, with the aim of reducing metabolic activity while at the same time maintaining the vitality of the tissue. The main principle of the method is based on cooling plant tissues at an ultralow temperature, usually by the use of liquid nitrogen (LN) which has a constant temperature of −196°C. The frozen tissue after the desired period in ultralow temperature after rewarming is able to regenerate to healthy plants. However, this method is not as straightforward as it seems; freezing plant tissue can result in intracellular ice nucleation and subsequent ice crystallization leading to cell damage during cooling and/or rewarming of the samples.
Low water content minimizes ice crystallization. Hence, the objective status for cryopreservation is to reduce the water content in the plant tissue. By this procedure it obtains a glassy state to avoid the formation of lethal intracellular ice crystals in order to obtain optimal recovery and regeneration after cryopreservation. This can be achieved by the induction of vitrification status which is a glass induction by dehydration, the addition of cryoprotectants, and a very fast decrease in temperature.
Methods based on dehydration include osmotic dehydration, air desiccation, and freeze dehydration [1] [2] [3] . The state of the water in the plant during cooling/warming cycles is shown in Figure 1 with highlighted thermally colored and its possible detection and quantification by DSC techniques.
Various plant vitrification solutions (PVS) are used for osmotic dehydration; these are usually labeled with a number according to the specific mixture of basic cryoprotectants and their concentrations. The main PVS are Luyet [4] , Fahy [5] , Steponkus [6] , PVS1 [7, 8] , PVS2 [9] , PVS3, PVS4, PVS5 [10] , VS6 [11] , PVSL [12] , and VSL [9] . These are composed of different concentrations and combinations of four main cryoprotectants: dimethyl sulfoxide, sucrose, glycerol, and ethylene glycol.
Each cryopreservation protocol is species-and genotype-specific and needs to be optimized accordingly. Hence, the standardization of the protocol is necessary to ensure and facilitate an effective cryo-storage of the plant germplasm. To achieve this, it is necessary to determine the optimal water content during dehydration, freezing in LN and thawing to avoid ice crystallization. Additionally, assessing the amount of freezable water and verifying if the tissue being used has reached glass transition as well as analyzing the thermal events during cooling and freezing are key factors in order to develop and standardize a reliable protocol. Methods of Thermal Analysis as a Tool to Develop Cryopreservation Protocols of Vegetatively… DOI: http://dx.doi.org /10.5772/intechopen.89723 This can be determined by the use of thermal analysis such as differential scanning calorimetry (DSC).
The use of DSC for checking the content of freezable water (or first-order water transitions freezing and melting) is applied for the cryopreservation of shoot tips [13] [14] [15] , dormant buds/winter-hardy buds [16] [17] [18] , pollen [19] [20] [21] , and seeds [15, [22] [23] [24] . The development of cryopreservation protocols using DSC has been used for a number of plant species, i.e., potato ( [25] ), Ullucus tuberosus Cal. [26] , Oxalis tuberosa Mol. [27] , Allium species [19, 21, 28, 29] , apple [30] , and Actinidia spp. [31] , among others. However, the method is still rarely used in cryobiology due to the lack of awareness of its use, application, and potential in this field. This chapter intends to broaden the knowledge and demonstrate the use of thermal analysis methods with heat flux-type DSC and their applicability in cryopreservation through a series of research carried out at the Crop Research Institute in Prague, Czech Republic. The results presented in this chapter represent original unpublished work archived at the authors' institution.
Differential scanning calorimetry
DSC is a thermal method that can be used to measure and determine the phase transitions for cryopreservation. Using a function of time and temperature, the main principle of this method is to measure the temperatures and heat flows associated with thermal transitions in plant material providing information on the endothermic or exothermic events or changes in heat capacity. This information can be used to determine the glass transition, the temperature of ice nucleation, melting, boiling, crystallization time, and kinetic reaction which are the most important characteristics useful for cryopreservation [16] .
This method is based on applying a regulated decrease and increase in temperature while measuring the heat flow and temperature corresponding to the tested sample. The heat flux-type DSC measures differences of temperature between reference and sample and recalculates the differential heat flux. The most common cooling/heating rate of the sample is 10°C min −1 . There are three different temperature modifications of the heat flux-type DSC: standard DSC gives a basic information about exothermic and endothermic signals and about glass transition presence, temperature-modulated DSC (TMDSC) separates kinetic and thermodynamic events in tested samples, and quasi-isothermal temperature-modulated DSC (QITMDSC) determines the exact measurement of heat capacity at equilibrium conditions. The principle, application, and use of each of these DSC modifications will be demonstrated within this chapter through a series of experiments carried out on vegetatively propagated species and cryoprotectants.
Thermal characteristics as melting point temperature, glass transition temperature, and proportion of freezable water content (percent of the fresh weight) were determined using a differential scanning calorimeters TA2920 (TA Instruments, USA) with refrigerated cooling system (RCS) in the temperature range from −60 to +20°C and Q2000 (TA Instruments, USA) with RCS or liquid nitrogen cooling system (LNCS) in the temperature range from −90 to +20°C or from −140 to +20°C, respectively. The cooling and heating rates were 10°C/min. or 1°C/min. For standard DSC or TMDSC, respectively. Temperature modulation was performed at 1°C amplitude of modulation and 60-second period. Aluminum, hermetically sealed pans were used for all samples to avoid water evaporation before and during measurement cycles. Sample size ranged from 5 to 20 mg. The purge gas was either nitrogen or helium.
Standard DSC measurement and result analyses
Standard DSC is a thermal analysis method used to carry out a total heat flow measurement of the sample in order to determine phase transitions such as crystallization, melting, and glass transition (Figure 2) .
In terms of cryopreservation of plant tissue, this method of thermal analysis can help to improve the development of a more reliable protocol. It can be applied in the phase of optimization of the sample's preculture, acclimation, or dehydration to decrease the amount of freezable water content within the sample and in the risk of sample injury (Figure 3) . The quality of cryo-sample preparation can be checked and modified to avoid the presence of cold crystallization in the sample during its thawing after cryo-storage for its recovery (Figure 4) . This method can also be used to assess the T g (glass transition temperature) and to determine safe storage temperatures for the samples.
Freezable water content determination
Freezable water content is probably the most important parameter which influences the injury of plant tissue during cryopreservation using cryoprotocol avoiding controlled freeze dehydration. The proper decrease in freezable water content is hence prerequisite for successful cryopreservation. Standard DSC method measures the endothermic and exothermic signal related to water freezing and thawing. Based on the knowledge of heat of fusion specific for water at 0°C (334 J/g/K) and total amount of energy used for the phase transition of water melting (ice crystals thawing), the total amount of frozen water can be calculated, and based on this finding, the optimal time of PVS3 treatment can be adjusted. Freezable water was detected in garlic shoot tips during PVS3 dehydration for a period up to 90 min (Figure 5a) . After ice nucleation this water fraction can cause cell damage by ice crystal growth. Intracellular ice formation is in any case lethal for the plant cell. There was no freezable water in plants after 90 min of dehydration. The appropriate level of dehydration by PVS3 has to be (ΔCp) . Crystallization of supercooled water is an exothermic reaction, followed by the thawing of crystalized water. These events can be characterized by onset, midpoint, and endset temperatures and by event heat flow change. Based on analysis of the exothermic or endothermic events, the freezable water content can be calculated also in dehydrated samples. Additionally, this thermal analysis method is a powerful tool in the assessment of the sample's water behavior during cooling and warming; this includes supercooling, freezing, glass transition, cold crystallization, and melting which influence the sample's cryopreservation success.
Methods of Thermal Analysis as a Tool to Develop Cryopreservation Protocols of Vegetatively… DOI: http://dx.doi.org /10.5772/intechopen.89723 controlled due to the decrease of survival and regeneration of shoot tips by excessive dehydration (Figure 5b) . For successful cryopreservation with high regeneration rate, samples in narrow dehydration window of PVS3 must be used: with neglected or no freezable water (Figure 5a ) and high regeneration rate due to dehydration (Figure 5b) after warming from ultralow temperatures.
Safe storage temperature determination
Safety and stability of plant sample stored at ultralow temperature are influenced by the temperature of glass transition. Throughout the period of cryopreservation, the sample has to be kept below the sample glass transition temperature. In case of increase of storage above the sample glassy state temperature, the risk of sample damage by ice crystals occurs. Different cryopreservation methods resulted in different sample glass transition temperature. Thus, the selection of the cryopreservation method or cryoprotectant used can influence safe storage temperature. The most frequently used cryoprotectants for plant cryopreservation PVS2 and PVS3 are characterized by Tg of −114 and −90°C, respectively. When the 80%PVS3 solutions were used, the glass transition temperature was approximately −88°C in potato shoot tips dehydrated for 2 h (Figure 6) .
Some cryoprotective solutions with a higher glass transition temperature can be used to increase the safe storage temperature and sample stability. Standard cryopreservation methods used in CRI is based on sucrose loading the shoot tips and subsequent air dehydration. This dehydration resulted in increased sucrose concentration and as a result increased in glass transition temperature. Thus, the glass transition temperature of potato shoot tips increased to approximately −23°C after 0.7 M sucrose loading and following air dehydration for 5 h (Figure 7) . Figure 
5.
(a) Frozen water content after different time of shoot tips of Allium sativum "Djambul" in PVS3, after 30, 60, and 90 min ( from largest to smallest peak). There is no detectable frozen water content in shoot tips for a longer time in PSV3 (TA 2920 + RCS). (b) Survival and regeneration after different time of shoot tips of Allium sativum "Djambul" in PVS3, after 30, 60, and 90 min (in this time interval, there was no regeneration after liquid nitrogen immersion, because of lethal injury from frozen water). The optimal time is 120 min in PVS3 because from this time the survival and regeneration rate decreased because of dehydration injury Methods of Thermal Analysis as a Tool to Develop Cryopreservation Protocols of Vegetatively… DOI: http://dx.doi.org/10.5772/intechopen.89723
Benefits and limits of standard DSC measurements
Though this method of thermal analysis is easy and simple to use (most standard programs use simple methods with cooling/warming rates of 10°C min −1 ) and provides a relatively fast real-time measurement of thermal characteristics in the course of dehydration of the sample (e.g., 30-min DSC program allows to perform measurements in every 30 min of dehydration), there are some limitations. One of these limitations is the measurement of the total heat flow signals which include both thermodynamic and kinetic signals; hence, the evaluation of thermodynamic signals may not be exact. Additionally, kinetic events like relaxation or crystallization make thermogram evaluation and event identification difficult and can mask the thermodynamic component of the total heat flow signal (Figure 8) . The overlapping signals may not be identified. In such cases, there is the need to carry out a more detailed analysis of the specific thermal events by the use of TMDSC or QITMDSC. 
Temperature-modulated DSC
TMDSC is the thermal analysis method (Figure 9) used to separate the total heat flow signal into thermodynamic and kinetic components. Hence, through this method, thermodynamic events such as melting, glass transition temperatures, and kinetic events such as crystallization and relaxations can be analyzed separately. Additionally, the freezable water content and the water behavior in the sample during cooling/ warming cycles, like supercooling, freezing, glass transition, cold crystallization, and melting can be determined. This method also determines the Cp (specific heat capacity) and allows to specify its reversible Cp (thermodynamic) component.
This method of thermal analysis can help to improve the development of a cryopreservation protocol by improving the quality of the cryo-sample preparation. The method can identify kinetic events, which mask the thermodynamic events and which reveal unstable sample conditions. Due to the identification of the thermodynamic component of the heat flow signal by this method, the exact determination of freezable water content and the Tg in the sample is possible.
Separation of thermodynamic and kinetic events to identify the stability of plant material
The total heat flow signal includes both thermodynamic and kinetic signals. That is why exact analysis in complex thermogram is difficult (Figure 10) . Total heat flow showed some changes in the region from −61 to −12°C in 64% sucrose solution (from left to right): flat-shaped curve, high s-shaped curve, and peak. It is difficult to solve if the second event is a glass transition of melting. The TMDSC separated total heat flow into reversing and non-reversing signals. The only two Methods of Thermal Analysis as a Tool to Develop Cryopreservation Protocols of Vegetatively… DOI: http://dx.doi.org/10.5772/intechopen.89723 events were detected on reversing curve: glass transition and melting. The second event detected by standard DSC represents just kinetic event related to the crystallization of free water which is released before from glassy state during warming.
State of matter determination by a direct Cp measurement
The TMDSC can be also used for direct measurement of specific heat capacity (Cp). It changes with the change of the state of matter. The liquid state is characterized by a higher value of Cp than solid (crystal or ice) states. Phase changes, glass transition, and melting are characterized by a specific shape of Cp curve. The glassy state is characterized by an S-shaped curve of Cp baseline; on the other hand, melting is characterized by a peak (Figure 11) .
Proper sample preparation for its successful cryopreservation is characterized by low-temperature glass transition curve but without melting peak presence. A decrease in the melting peak on the Cp curve is therefore necessary during sample preparation. An appropriate way of dehydration has to be applied to avoid plant tissue injury by excessive dehydration. Tolerance to dehydration is influenced by species, genotype, and by plant tissue or cells' physiological status. Pollen, besides orthodox seeds, is a plant material that can be dehydrated to very low water content without decrease of plant material vitality. Dehydrated pollen is characterized by the absence of a melting peak but the presence of glass transition s-shaped curve (Figure 12) . Due to very low water content, the glass transition temperature is at high temperature (−18°C), which strongly increases the safe storage temperature of the material during cryopreservation.
Benefits and limits of TMDSC
Though if properly applied and analyzed, the method can be advantageous because of its exact measurement of thermodynamic events due to the separation of thermodynamic and kinetic signals and can also be useful in the identification of the overlapping events. TMDSC solved the limits of standard DSC method, but it has some limits too. It is time-consuming due to slower cooling/warming ramp rates. This can be partially solved by temperature modulation in narrower temperature range, which could be previously identified by a standard DSC measurement. TMDSC is sensitive to specific parameter measurement settings, which may result in failure to determine the events due to inadequate parameters of measure. Additionally, the interpretation of the results obtained can be difficult as it carries out a more detailed analysis which provides detailed results that are difficult to interpret (e.g., kinetic events).
Quasi-isothermal temperature-modulated DSC
QITMDSC is a specific variant of TMDSC. This method of thermal analysis is used for the direct measurement of complex Cp at given temperatures in Methods of Thermal Analysis as a Tool to Develop Cryopreservation Protocols of Vegetatively… DOI: http://dx.doi.org /10.5772/intechopen.89723 equilibrium conditions, at zero ramp cooling/warming rates (Figure 13) . Hence, it is used to determine the Cp, more specifically, the thermodynamic events such as melting and glass transition.
The exact measurement of Cp under equilibrium conditions
The QITMDSC measures sample heat capacity (Cp) similarly like in the case of MDSC. That is why similar achievements can be obtained. This method can be used together with a method of matter relaxation during annealing at increasing temperature. The advantage of this method is the following measurement of the sample at stable conditions because all processes can be finished during modulation at equilibrium conditions (temperature). The glassy state is also characterized by an S-shaped curve of Cp baseline; on the other hand, melting is characterized by a peak (Figure 14) .
Benefits and limits of TMDSC
This method is applied in the development of a cryopreservation protocol as it is useful in the determination of the state of matter and exact measurement of glass transition and melting. Additionally, it is adventitious in obtaining a more exact measurement of Cp as the Cp equilibrium conditions avoid the effects of kinetic events.
However, there are a few limitations in using QITMDSC as it is also very timeconsuming, though this can be partially solved by analysis in limited temperature range, which was previously analyzed by a standard DSC or TMDSC analysis. The method is also sensitive to the parameters of measurement settings which may result in failure to determine the events due to inadequate parameters of measure. Nevertheless, as is the case with TMDSC if applied correctly, this method represents a useful tool when developing a cryopreservation protocol for vegetatively propagated plant species. Figure 13 . Temperature modulation at a constant temperature until heat capacity equilibrates. After equilibration of heat capacity, the temperature jumps to higher temperature and modulation starts again (TA 2920 + RCS).
Conclusion
Understanding the dynamics of water content in plant tissues during cooling and heating is crucial in developing a reliable cryopreservation protocol. Differential scanning calorimetry thermal analysis methods such as standard DSC, temperaturemodulated DSC, and quasi-isothermal temperature-modulated DSC play a key role when cryopreserving plant material as they not only broaden the knowledge of thermal events but can also help to overcome the freezing injury during cryopreservation. The standard DSC method is recommended for routine work with known thermal properties of the sample and nonoverlapping thermal events. The MDSC method is recommended to use for plant samples with overlapping thermal events or for exact measurement of thermodynamic events. The hidden thermal events can be arisen and be separated by temperature modulation. The MDSC is also recommended to distinguish between reversing and non-reversing thermal events. The measurement of heat flow and heat capacity can be done in a single experiment. The QITMDSC is recommended to use for exact measurement of heat capacity in equilibrated conditions which can help a state of matter identification.
